Abstract-The effect of focus splitting after propagation of focused ultrasound through a rib cage is investi gated theoretically. It is shown that the mechanism of this effect is caused by the interference of waves from two or more spatially separated sources, such as intercostal spaces. Analytical estimates of the parameters of splitting are obtained, i.e., the number of foci, their amplitudes, diameter, and the distance between them, depending on the transducer parameters, as well as the dimensions of the rib cage and position of ribs relative to the radiator. Various configurations of the relative positioning of ribs and radiator are considered; it is shown which of them are the most effective for real surgical operations.
INTRODUCTION
In recent decades, the use of focused ultrasound in medicine for noninvasive destruction of deeply located tissues is a technology increasingly expanding in clinical practice. High intensity focused ultrasound (HIFU) has found broad application in ultrasonic sur gery [1] [2] [3] . For example, in China since the end of 1997 to the present, more than 40000 extracorporeal (i.e., performed with a focused radiator located out side of the body) operations have been carried out in connection with treatment of tumors of liver, breast, bones, kidney, pancreas, and uterus. Outside China, more than 1000 similar operations have been per formed as well. Long term studies of side effects have demonstrated a rather low level of postoperative com plications.
A substantial limitation to wider clinical spread of HIFU is the presence of strongly reflecting or strongly absorbing acoustic obstacles in tissues of the human body. These obstacles are primarily bones, in particu lar, chest bones, that complicate ultrasound surgical operations on the liver or heart. As it is known, the acoustical properties of bones differ strongly from the properties of soft tissues; bones absorb ultrasound much more readily, and strong reflection of ultrasound energy occurs at the bone tissue interface. These effects lead to overheating of bones and overlying tis sues, including skin [4] . Another complication, for the same reasons, is that the intensity in the focus signifi cantly decreases and may be insufficient for destruc tion of tissues behind the rib cage.
In a number of studies dealing with the use of focused ultrasound in the presence of ribs, authors showed the effect of splitting of the main focus when, after ultrasound passed through the rib cage, second ary intensity maxima were observed along with the main focus. In addition, appreciable variation was observed in the structure of intensity distributions in the focal plane depending on whether the beam axis passed through a rib or through the intercostal space. For example, in [5] , the source of ultrasound was a focusing radiator with a relatively small aperture, and the model simulating ribs was either one or two rectan gular bars. Both calculations and experiments have shown that, in the case when the radiator axis crossed a rib, a complex interference pattern consisting of five intensity maxima was observed in the focal plane, and the value of the intensity in the main maximum signif icantly decreased. In the case when the radiator axis passed through the intercostal space, the effect of splitting was not observed and the peak value of inten sity in the focal spot was considerably higher.
Some research groups tried to solve the problem on how to minimize heating of ribs and to increase the intensity in the focus in liver tissues in the presence of a rib cage on the HIFU propagation path. For exam ple, in [6] , numerical modeling of the ultrasound field radiated by the phased array was performed behind the rib cage. To minimize the effect of ultrasound on ribs, the elements in this virtual array for which the vectors normal to the surface of the element crossed a rib, were switched off. Modeling has shown that, along with the main focus, two secondary maxima appeared. ACOUSTICAL PHYSICS Vol. 56 No. 5 2010
In [7, 8] it was suggested to use the time reversal method to overcome distortions introduced in by a rib cage located on the propagation path of the focused ultrasound. It has been shown that the combined use of the time reversal method and multi element phased arrays makes it possible to achieve a substantial reduc tion in heating of thorax bones. However, focus split ting was still observed behind the ribs.
In relatively few publications dealing with focused ultrasound in the presence of ribs [4-8], we did not find neither discussion of the effect of focus splitting, nor references to the nature of occurrence of second ary maxima. Possible influence of this effect on safety and efficiency of ultrasound treatment were not con sidered either. Clearly, the occurrence of secondary intensity maxima leads to tissue overheating in undes ired areas, and the intensity in the main maximum decreases in comparison to the case when there are no ribs on the ultrasound propagation path.
These questions became the subject of detailed studies presented in our recent publications [9, 10] . To prevent overheating of bones and overlying tissues, we used an approach based on switching off a part of the array elements located in front of the ribs [6] . As a source, a phased array with randomly distributed ele ments on the array surface (so called random array) was used [11] [12] [13] [14] [15] [16] . The effect of focus splitting after HIFU passed through bones was predicted in theory and observed in experiments [10] . The use of a random array has made it possible to steer electronically the focus and create combinations of several foci without grating lobes caused by the regular distribution of the array elements. This has made it possible to confirm in experiment the effect of splitting for a shifted focus and for a combination of several foci. The analytical model proposed in [10] has made it possible to obtain simple estimates of the parameters of splitting; and good agreement between theory and experiment has been shown.
The aim of this study was to generalize the results obtained in [10] to various practical situations that can arise in using focused ultrasound systems in surgery and to offer more detailed theoretical analysis of focus splitting for different parameters of the radiator, rib cage dimensions, and position of ribs relative to the radiator. To describe focusing of ultrasound through ribs, three models of different degree of complexity are proposed. In one of them, parabolic approximation of diffraction theory is used in calculating the acoustic field and for setting boundary conditions in the plane of ribs. Such an approach makes it possible to obtain a simple analytical solution for the field in the focal plane and to estimate the parameters of splitting s, i.e., the number of foci, their amplitude, diameter, and the distance between them. Numerical modeling of the field using the Rayleigh integral was also carried out for two types of radiators: a focused piston radiator with uniform distribution of oscillatory velocity over its surface, and the phased array described in [10, 15, 16] . In the conclusion of the paper, experimental data are presented showing the effect of focus splitting in the ablation of tissues in vitro. Figure 1 shows the diagram of focused ultrasound propagation through ribs. The model simulating a rib cage represents infinitely thin, absolutely absorbing parallel strips of width b with distance a between them; h = a + b is the period of the spatial structure of ribs. Notations in the figure: z 1 is the distance between the center of the radiator and the plane of ribs, F is the focal length, d is the position of the middle of the intercostal space relative to the radiator axis, and R 0 is the radiator radius. The dashed line represents an ultrasonic beam crossing the rib plane at the distance z 1 , and R 1 is the effective beam radius. Ultrasound propagation in water is considered.
THEORETICAL MODELS
In the first model, the analytic approach based on parabolic approximation of diffraction theory was used [17, 18] . The complex amplitude of the wave oscillatory velocity was set in the intercostal spaces between the ribs within a beam aperture of radius R 1 :
(1) and was assumed equal to zero on the ribs and outside the beam aperture. Here, is the wave num ber, f is the operation frequency of the array, and с 0 is the sound speed in the medium. The amplitude of wave V 0 is constant, and the phase change in the trans verse coordinate providing focusing at distance F -z 1, is given in the parabolic approximation. As it is known, in this case, the pressure amplitude in the focal plane 
